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The  major  effector  cells  for cellular  adaptive  immunity  are  CD8+ cytotoxic  T lymphocytes  (CTLs),  which
can  recognize  and  kill virus-infected  cells  and  tumor  cells.  Although  CTLs  exhibit  strong  cytolytic  activ-
ity  against  target  cells  in  vitro,  a number  of  studies  have  demonstrated  that  their function  is  often
impaired  within  tumors.  Nevertheless,  CTLs  can  regain  their  cytotoxic  ability  after  escaping  from  the
tumor  environment,  suggesting  that  the  milieu  created  by tumors  may  affect the  function  of CTLs.
As for  the tumor  environment,  the  patho-physiological  situation  present  in  vivo  has  been  shown  to
differ  from  in  vitro  experimental  conditions.  In  particular,  low  pH  and hypoxia  are the  most  important
microenvironmental  factors  within  growing  tumors.  In  the  present  study,  to  determine  the  effect  of these
factors  on CTL  function  in vivo,  we  examined  the cytolytic  activity  of  CTLs  against  their  targets  using
murine  CTL  lines  and  the  induction  of  these  cells  from  memory  cells  under  low  pH  or hypoxic  conditions
using  antigen-primed  spleen  cells.  The  results  indicated  that  both  cytotoxic  activity  and  the  induction
of  functional  CTLs  were  markedly  inhibited  under  low  pH.  In  contrast,  in hypoxic  conditions,  although
cytotoxic  activity  was  almost  unchanged,  the  induction  of CTLs  in vitro  showed  a  slight  enhancement,
which  was  completely  abrogated  in low  pH  conditions.
Therefore,  antigen-speciﬁc  CTL  functions  may  be  more  vulnerable  to low  pH  than  to the  oxygen  con-
centration  in  vivo.  The  ﬁndings  shown  here  provide  new  therapeutic  approaches  for  controlling  tumor
growth  by  retaining  CTL cytotoxicity  through  the  maintenance  of  higher  pH  conditions.
©  2015  The  Authors.  Published  by Elsevier  B.V.  on  behalf  of European  Federation  of  Immunological
en  acSocieties.  This  is  an op
. Introduction
The major effector cells involved in cellular adaptive immu-
ity are CD8-expressing cytotoxic T lymphocytes (CTLs), which
an recognize and directly eliminate virus-infected cells and tumor
ells. Therefore, these antigen-speciﬁc CD8+ CTLs have been widely
ccepted to be a central player in preventing the spread of viruses
nd the progression of tumors. Although CTLs exhibit strong
ytolytic activity against tumor cells in vitro, a number of studies
Abbreviations: CFSE, 5-(and 6-)carboxyﬂuorescein diacetate succinimydylester;
TLs, cytotoxic T lymphocytes; CTM, complete T-cell medium; GrB, granzyme B; IFN-
,  interferon-; mAbs, monoclonal antibodies; pO2, partial pressure of oxygen; PBS,
hosphate-buffered saline; Tg, transgenic mice; vSC25, recombinant vaccinia virus
xpressing HIV-1 IIIB gp160 genes.
∗ Corresponding author at: Department of Microbiology and Immunology,
ippon Medical School, 1-1-5 Sendagi, Bunkyo-ku, Tokyo 113-8602, Japan.
ax: +81 3 3316 1904.
E-mail address: tanuki@nms.ac.jp (Y. Nakagawa).
ttp://dx.doi.org/10.1016/j.imlet.2015.07.003
165-2478/© 2015 The Authors. Published by Elsevier B.V. on behalf of European Federatio
icense  (http://creativecommons.org/licenses/by-nc-nd/4.0/).cess  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
have shown that the CTL activity within tumors is often impaired by
various mechanisms. Nevertheless, CTLs can regain their cytotoxic
activity after escaping from the tumor environment, suggesting
that the milieu created by growing tumors may  inﬂuence the cyto-
toxicity of CD8+ CTLs.
The patho-physiological conditions in tumors in vivo have been
shown to markedly differ from in vitro experimental conditions. For
example, the physiological oxygen concentration in various tissues
in vivo was found to be signiﬁcantly lower than the oxygen con-
centration in the air because of insufﬁcient oxygen supply, a state
known as hypoxia [1]. The atmospheric pressure of oxygen (pO2)
is approximately 21.2 kPa (approximately 21% of total atmospheric
pressure), whereas, pO2 in the thymus and spleen are 0–2.3 kPa
(0–2.3%) and 0.5–4.5 kPa (0.5–4.5%), respectively [1]. In the skin
epidermis [2] and the hematopoietic stem cell niche [3,4], pO2 is
often less than 1 kPa (<1%). Furthermore, hypoxia has been iden-
tiﬁed as an important by-product of a wide range of pathological
states such as solid tumors [5,6], colic lesions [7], wound healing
[8], and ischemic injury [9].
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In the early 1920s, Warburg demonstrated that tumor cells
sed glycolysis rather than oxidative phosphorylation to acquire
nergy, even in the presence of oxygen [10,11]. Hypoxia in the
umor environment has been shown to increase the expression of
any genes, including those encoding glycolysis-associated pro-
eins and enzymes. Accordingly, tumor cells produce and release
arge amounts of lactic acid, which creates an acidic microenvi-
onment [12,13]. Therefore, the interstitial ﬂuid of tumors and
bscesses has a pH less than 6.0 that averages 0.2–0.6 units
ower than the mean extracellular pH of normal tissues [14,15].
herefore, hypoxia and acidic conditions are both important fac-
ors that create microenvironmental features, especially within
umors.
Several studies have demonstrated that the function of immune
ells, including CTLs, depends on patho-physiological conditions.
edegeld et al. and Mendler et al. reported that the cytotoxic
ctivity of CTLs against target cells was decreased in an acidic
nvironment using murine and human CTL lines [16,17]. Fis-
her et al. also detected an increase in serum lactate levels in
ne-third of 140 cancer patients with high tumor burden [12].
hese authors also showed that the proliferation of and cytokine
roduction by CTLs stimulated with PMA/ionomycin were sig-
iﬁcantly impaired by the addition of 20 mM lactic acid to the
ulture medium [12]. In contrast, Caldwell et al. reported that
lthough the differentiation of CD8+ CTLs in 2.5% O2 was  slower
han that in atmospheric O2 concentration, cytolytic activity
gainst target cells was stronger than in atmospheric O2 con-
entration [18]. However, the effects of hypoxia or an acidic
ilieu on immune cell function have not yet been elucidated in
etail.
In the present study, to analyze the effects of these environ-
ental factors on CTL function, we examined the cytolytic activity
f CTLs against target cells and the induction of CTLs from memory
ells under low pH or hypoxic conditions using murine antigen-
peciﬁc CTL lines and antigen-primed spleen cells, respectively. The
esults obtained here indicated that cytotoxic activity against tar-
et cells and the induction of functional CTLs in vitro were both
nhibited in low pH medium. In contrast, in hypoxic conditions,
ytolytic activity against target cells was not changed, and the
nduction of CTLs in vitro showed a slight enhancement. However,
his enhancing effect on CTL induction by hypoxia was  impaired
nder both low pH and low oxygen conditions.
Therefore, antigen-speciﬁc CTL functions may  be more vulner-
ble to low pH than to oxygen concentration in vivo. The ﬁndings
hown here provide new therapeutic approaches for controlling
umors by maintaining CTL activity as a result of retaining a physi-
logical pH even under pathological conditions.
. Materials and methods
.1. Mice
Female C57BL/6 (H-2b) and BALB/c (H-2d) mice were pur-
hased from Charles River Japan Inc. (Tokyo, Japan). Transgenic
ice (Tg-RT-1) expressing the TCR  and  chain (V 42H11
nd V8.1) genes of the murine CTL clone RT-1 [19] speciﬁc to
18IIIB (RIQRGPGRAFVTIGK) restricted by a class I MHC  molecule
20,21] in the genetic background of BALB/c (H-2Dd) were estab-
ished and bred in our colony [22,23]. The F1 mice of Tg-RT-1 and
ALB/c mice were used in these experiments. All mice used in this
tudy were maintained in a speciﬁc pathogen-free micro-isolator
nvironment. All experiments were performed according to the
uidelines of the NIH Guide for the Care and Use of Laboratory
nimals. Letters 167 (2015) 72–86 73
2.2. Recombinant vaccinia virus
vSC25 (recombinant vaccinia virus expressing the HIV-
1IIIB gp160 envelope glycoprotein), which has been previously
described [20], was  used to immunize mice to induce envelope-
speciﬁc CTLs. Mice were intravenously (i.v.) inoculated with
1 × 107 PFU/mouse of vSC25 for infection experiments.
2.3. Synthetic peptides and reagents
The peptides used in this study were all purchased from TaKaRa
Bio Co. (Tokyo, Japan). The peptide P18IIIB (aa: RIQRGPGRAFVTIGK)
represents the immunodominant CTL epitope presented by
the murine class I MHC  molecule H-2Dd in the HIV-1 IIIB
gp160 envelope glycoprotein [20]. The peptide OVA-8 (aa:
SIINFEKL) represents the immunodominant CTL epitope of oval-
bumin.
Recombinant HIV-1 IIIB envelope glycoprotein gp120 (Bac-
ulovirus) was  purchased from Immuno Diagnostics, Inc. (Woburn,
MA,  USA). The AbISCO adjuvant (AbISCO-100) was  purchased
from ISCONOVA AB (Uppsala, Sweden). l-(+)-Lactic acid solu-
tion (30% in H2O) was  purchased from Sigma–Aldrich (St. Louis,
MO). A Cell Trace TM CFSE cell proliferation kit (ﬂuorescein-
based dye 5-(and 6-)carboxyﬂuorescein diacetate succinimidyl
ester; CFSE) was  purchased from Life Technologies Corpora-
tion (Carlsbad, CA, USA) and dissolved in dimethylsulfoxide at a
concentration of 5 mM according to the manufacturer’s instruc-
tions.
2.4. Generation of milieu conditions
The normal CTL milieu used in this study was  complete
T-cell medium (CTM) (RPMI1640 medium containing 10% heat-
inactivated fetal calf serum (FCS), 2 mM l-glutamine, 10 mM
HEPES, 100 M non-essential amino acids, 10 mM sodium pyru-
vate, 100 U/ml penicillin, 100 g/ml streptomycin, and 50 M
2-mercaptoethanol) [20]. The pH of this medium was generally
7.2 ± 0.1, and the medium was used until 2 days after preparation.
The lactic acidosis milieu was  created by directly adding lactic acid
solution to CTM and was adjusted to an objective pH immediately
before usage.
2.5. Generation of hypoxic conditions
The BIONIX-1 hypoxic cell culture kit (Sugiyamagen, Tokyo,
Japan) was used to generate hypoxic conditions [24,25]. This
system comprises an Anaero Pack-Anaero 5% (oxygen absorber;
Mitsubishi Gas Chemical, Tokyo, Japan), OXY-M oxygen monitor
(JIKCO, Tokyo, Japan), Anaero Pouch (Mitsubishi Gas Chemical), and
plastic clips to seal the pouch. To reduce the pO2 of the air, plastic
plates containing the cells, oxygen absorber, and oxygen monitor
were placed in the pouch, and the open side was sealed with a
clip and left until the desired pO2 in the pouch was  reached. At
the desired pO2, the pouch was  further sealed between the cul-
ture plates and the oxygen absorber using another clip to stop the
absorption of oxygen. Immediately before separation by the clip,
the air in the plates was  replaced with the air in the pouch by
opening the lid of the plates to accelerate equilibration. Accord-
ing to the manufacturer’s instructions, this kit creates conditions
of low oxygen concentration and approximately 5% CO2 within 1 h.
2.6. Cell lines and in vitro CTL inductionEL4 cells (mouse thymoma cell line; H-2b) and P815 cells
(DBA/2-derived mastocytoma cell line; H-2d) were maintained
in CTM. The EG7-OVA transfectant [26] was maintained in CTM
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ith 400 g/ml Geneticin (Sigma–Aldrich). The BALB/c.3T3 (H-2d)
broblast transfectant expressing HIV-1 gp160 of the IIIB isolate
f15-12) [20] and the control transfectant containing selectable
arker genes (Neo) were maintained in CTM containing 150 g/ml
eneticin.
To induce the ovalbumin (OVA)-speciﬁc CTL line (LINE-OVA),
 × 106 spleen cells from C57BL/6 mice previously immunized with
eptide OVA-p-pulsed bone marrow-derived dendritic cells were
e-stimulated in vitro with mitomycin C (MMC)-treated EG7-OVA
ells in 24-well culture plates containing 1.5 ml  of CTM for 5 days
t 37 ◦C. A long-term OVA-speciﬁc CTL line (LINE-OVA) was  gen-
rated by bi-weekly stimulation with MMC-treated EG7-OVA cells
nd 10% Rat Con A supernatant-containing medium (Rat T-STIM;
ollaborative Biomedical Products, Bedford, MA). This CTL line con-
ained approximately 95% OVA-speciﬁc cells, as determined by
-2Kb/OVA-tetramer staining.
To induce HIV-IIIB P18-I10-speciﬁc CTLs, 5 × 106 spleen cells
rom mice previously immunized with 1 × 107 PFU/mouse of vSC25
r 5 g of recombinant HIV-1 IIIB envelope glycoprotein gp120
ixed with the AbISCO adjuvant were re-stimulated in vitro with
 × 105 MMC-treated f15-12 cells in 24-well culture plates for 5
ays at 37 ◦C. The HIV-IIIB P18IIIB-speciﬁc CTL line LINE-IIIB was
enerated as described previously [20], and this line contained
pproximately 85% epitope P18IIIB-speciﬁc cells, as determined by
-2Dd/P18IIIB-tetramer staining.
.7. Flow cytometric analysis
Flow cytometric analysis was performed to determine the sur-
ace molecule expression of cells using a FACS Canto II six-color
ytometer (BD Bioscience) with FlowJo software (Tree Star, Inc.,
shland, OR, USA). Half a million cells were pelleted and resus-
ended in 100 l PBS containing 1% FCS and 0.1% sodium azide.
ITC- or PE-labeled monoclonal antibodies (mAbs) were added to
he pellet and incubated for 30 min  at 4 ◦C. Cells were then washed
wice and resuspended in PBS. The antibodies FITC-labeled anti-
ouse CD3 (clone 145-2C11) (BioLegend, Inc., San Diego, CA),
ITC-labeled anti-mouse CD8 (clone VTS156.7.7; BioLegend, Inc.),
ITC-labeled anti-mouse CD25 (IL-2R chain p55, clone 7D4; BD
iosciences Pharmingen, San Jose, CA), FITC-labeled anti-mouse
D69 (clone H1.2F3; eBioscience Inc., San Diego, CA), FITC-labeled
nti-mouse T cell-receptor  chain (clone H57-597; BioLegend,
nc.), FITC-labeled anti-mouse H-2Kb/H-2Db (clone 28-8-6; BioLe-
end, Inc.), FITC-labeled anti-mouse H-2Dd (clone 34-2-12; BD
iosciences Pharmingen), PE-labeled anti-mouse V8.1, 8.2 TCR
MR-5-2; BD Biosciences Pharmingen), PE-labeled anti-mouse
D274 (PD-L1) (clone 10F.9G2; BioLegend, Inc.), PE-labeled anti-
ouse CD273 (PD-L2) (clone TY25; BioLegend, Inc.), PE-labeled
nti-mouse CD279 (PD-1) (clone J43; BD Biosciences Pharmin-
en) were used. T-Select H-2KbOVA Tetramer-SIINFEKL-PE or
-Select H-2Dd HIV Tetramer (Medical & Biological laborato-
ies Co., Ltd. Nagoya, Japan) was used to stain antigen-speciﬁc
TLs.
ig. 1. Effect of medium pH on the cytotoxic activity of antigen-speciﬁc CTLs. (A) LINE-
pH  7.2, open circles), the 3-day-culture supernatant of EG7-OVA cells (pH 6.2, closed cir
losed  squares) for 4 h at the indicated effector-target ratios for a standard 51Cr-release
4  × 105 cells/well) were incubated in CTM or high-glucose R-10 medium for 4 days at 3
very  day. *p < 0.05, **p  < 0.01 compared with medium alone. (C) LINE-OVA cells were incu
ircles, pH 7.2; closed circles, pH 6.5; closed squares, pH 6.1; closed triangles; pH 5.8) for 4
n  CTM (pH 7.2; open circles). (D) LINE-OVA cells were incubated in normal CTM (pH 7
ncubated further with 51Cr-labeled EG7-OVA cells in normal CTM or acidic CTM for 4 h, fo
open  circles). (E) LINE-IIIB cells were incubated with 51Cr-labeled f15-12 target cells in CT
H  6.1) as in (C). *p < 0.05, ***p < 0.005 compared with cultures in CTM (pH 7.2; open circl Letters 167 (2015) 72–86 75
2.8. Cytotoxicity assay
The cytolytic activity of CTLs was  measured as described pre-
viously [20] using a standard 4 h 51Cr-release assay with various
51Cr-labeled targets as indicated in the ﬁgure legends.
2.9. Cell proliferation assay
Cell proliferation was measured as previously described [27]
using CFSE. Splenic CD8+ T cells were labeled with 2.5 M CFSE
and incubated with MMC-treated f15-12 cells in 200 l of various
culture media in a 96-well ﬂat-bottom plate for 4–5 days. After
incubation, re-stimulated cells were harvested, and the CFSE con-
centration of proliferating cells was analyzed by ﬂow cytometry.
2.10. Cytokine detection
The amount of mouse IFN- in the culture supernatants was
determined with an ELISA Kit (ELISA MAXTM Standard Mouse
IFN-; BioLegend, Inc., San Diego, CA, USA) according to the man-
ufacturer’s instructions.
2.11. Colorimetric lactate assay
A total of 4 × 105 of EG7-OVA cells was incubated in 24-well
culture plates in CTM or high-glucose R-10 medium (RPMI1640
medium containing 10% heat-inactivated FCS, 10 mM HEPES,
25 mM d-glucose, 100 U/ml penicillin, 100 g/ml streptomycin,
and 50 M 2-mercaptoethanol) for 4 days at 37 ◦C. The culture
supernatant was collected, and the lactate content was mea-
sured using a Lactate Colorimetric Assay Kit II (BioVision Research
Products, Mountain View, CA) according to the manufacturer’s
instructions.
2.12. Colorimetric granzyme B assay
For measurements of granzyme B (GrB) release, 2 × 106 line
OVA cells were added to 5 × 105 EG7-OVA in 200 l CTM. The
cells were incubated for 4 h at 37 ◦C. Thereafter, cells were cen-
trifuged, and the supernatants were aspirated and stored at −20 ◦C.
For measurements of intracellular GrB, 2 × 106 line OVA cells were
incubated with 5 × 105 EG7-OVA for 4 h at 37 ◦C. Cells were then
harvested and incubated with 0.5% NP-40 in PBS for 30 min at 4 ◦C to
prepare cell lysates. GrB activity was measured by the GrB-speciﬁc
hydrolysis of substrates. A total of 180 l of the reaction mix-
ture (200 M Boc-Ala-Ala-Asp thiobenzyl ester (BLT; Calbiochem,
San Diego, CA) in a reaction buffer containing 50 mM HEPES, pH
7.5; 10% sucrose; 0.05% 3-((3-cholamidopropyl) dimethylammo-
nio) propanesulfonate (CHAPS); and 5 mM dithiothreitol (DTT))
was added to 20 l of cell lysate. The absorbance at 405 nm was
measured after incubation for 24 h at 37 ◦C. The concentrations of
samples were determined using a standard curve with recombinant
mouse GrB (Sigma–Aldrich, St. Louis, MO).
OVA cells were incubated with 51Cr-labeled EG7-OVA target cells in normal CTM
cles), or culture supernatant buffered with 1 N sodium hydroxide solution (pH 7.3,
 assay. *p < 0.05 compared with cultures in CTM (open circles). (B) EG7-OVA cells
7 ◦C. The pH value and lactate content of the culture supernatant were measured
bated with 51Cr-labeled EG7-OVA target cells in CTM with various pH values (open
 h at the indicated effector-target ratios. *p < 0.05, **p < 0.01 compared with cultures
) or acidic CTM (LA-CTM, pH 6) for 4 h at 37 ◦C. Cells were then washed once and
llowed by 51Cr-release assay. *p < 0.05, ***p < 0.005 compared with cultures in CTM
M at different pH values (open circles, pH 7.2; closed circles, pH 6.5; closed squares,
es). The results shown are representative of three independent experiments.
76 Y. Nakagawa et al. / Immunology Letters 167 (2015) 72–86
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.13. Detection of apoptosis
CTL apoptosis was detected with the Annexin V-FITC Apoptosis
etection Kit (BioVision Research Products, Mountain View, CA)
ccording to the manufacturer’s instructions.
.14. Immunohistological staining of HIF-1˛
Cultured cells were plated on micro-slide glass and ﬁxed with
% paraformaldehyde (PFA)-PBS for 30 min  at room temperature.
fter washing with PBS, blocking solution (PBS containing 1% BSA
nd 0.3% normal goat serum) was added and incubated for 1 h.
fter washing with PBS, rabbit polyclonal anti-HIF-1 antibody
100×) (Novus Biologicals, Littleton, CO, USA) was added, and the
ixture was incubated for an additional 1 h at room tempera-
ure. Peroxidase-conjugated goat anti-rabbit antibody was  then
dded and incubated for 1 h. After washing with PBS, diaminoben-
idine (DAB; Vector Laboratories) was added, and the reaction was
topped with distilled water.
.15. Statistical analysis
Data were analyzed using Student’s t-test and are presented as
he mean value ± SD. Differences at p < 0.05 were considered sig-
iﬁcant.
. Results
.1. Effects of culture medium pH on the cytotoxic activity of the
VA-speciﬁc CD8+ CTL line
Previous studies reported that tumor cells have the ability to
ot only secrete lactic acid to establish acidic conditions with low
H but also create a hypoxic environment in vivo [28,29], which
ay  inhibit the cytotoxicity of CD8+ CTLs. To examine CTL-based
mmune responses under in vivo-like conditions, we  herein investi-
ated the effects of low pH and hypoxia on CTL activity using murine
ntigen-speciﬁc CTL lines.
Cytotoxicity was signiﬁcantly decreased in the OVA-speciﬁc
D8+ CTL line when incubated in the supernatant of 3-day-cultured
G7-OVA with OVA-antigen-expressing syngeneic thymoma cells
EG7-OVA) for 4 h at various E/T ratios compared with incubation
n normal culture medium (CTM). This reduction was  almost com-
letely abrogated by the addition of 1 N sodium hydroxide solution,
hich raised the acidic low pH to a normal pH (7.3) (Fig. 1A). The
H of the culture medium gradually became acidic, and the con-
entration of lactic acid in the medium increased. When EG7-OVA
ells were cultured in high-glucose R-10 medium for 4 days, a larger
mount of lactic acid was produced, and the pH value was closer
o 6.0 (Fig. 1B). Several studies reported that the cytolytic activity
f CD8+ CTLs was lower when the cells were incubated in an acidic
ulture medium with target cells than when they were incubated in
eutral pH medium [12,16,17]. Thus, we determined whether CTL
ctivity was inhibited by the extracellular acidic conditions used
n our experimental system. When the OVA-speciﬁc CD8+ CTL line
INE-OVA was  incubated with EG7-OVA cells in culture media with
arious pH values, cytotoxic activity decreased in a pH-dependent
anner (Fig. 1C). Speciﬁc lysis by CTLs was approximately 50%
ig. 2. Mechanism by which acidic medium inhibits the cytotoxic activity of CTLs. (A) EG7
pH  6) for 4 h at 37 ◦C. After incubation, apoptotic and necrotic cells were detected by FITC
INE-OVA cells (C) were incubated as in (A), and cell surface molecules were analyzed by
ells  incubated in normal CTM; thick line, cells incubated in acidic CTM). (D) LINE-OVA c
 h at 37 ◦C. Supernatants (left) or the remaining cells (right) were then harvested, and G
ncubated with EG7-OVA target cells in CTM with varying pH values as in (D). Supernata
re  representative of three independent experiments. Letters 167 (2015) 72–86 77
lower in medium with pH 6.1 than in normal CTM at E/T ratios
of 5/1 and 2.5/1. Furthermore, when LINE-OVA cells were prein-
cubated in acidic medium for 4 h and then further incubated with
EG7-OVA for an additional 4 h in normal CTM, cytotoxic activity was
almost completely restored (Fig. 1D). These results clearly demon-
strated that the observed reduction in CTL activity in the acidic
environment was  a transient phenomenon that was not based on
cell death or the permanent inhibition of activity. The weakened
CTL activity in acidic medium was also observed in another distinct
HIV-1 env gp160-speciﬁc CTL line, LINE-IIIB (Fig. 1E).
Taken together, these results demonstrate that the inhibitory
effects of low extracellular pH on the function of antigen-speciﬁc
CTLs could also be induced in our experimental system.
3.2. Mechanism by which acidic conditions inhibit cytolytic
activity of CTLs
To analyze the mechanism underlying the diminished cytotoxic-
ity of CTLs in acidic medium, we ﬁrst analyzed whether apoptosis or
necrosis occurred in CTLs and target cells under conditions of vary-
ing pH. As shown in Fig. 2A, although a small number of Annexin
V-stained early apoptotic cells and propidium iodide (PI)-stained
late apoptotic or necrotic cells were present in both LINE-OVA and
EG7 target cells, no signiﬁcant difference was  observed at these
two pH conditions. Moreover, LINE-OVA and EG7-OVA cells were
incubated in CTM with different pH values and were stained with
mAbs against cell surface molecules known to be involved in the
lysis of target cells. However, no signiﬁcant differences for any of
these antigen proﬁles were detected for either LINE-OVA or EG7
cells (Fig. 2B and C). We  next examined the release of the effector
molecule GrB from CTLs in culture with target cells under differ-
ent pH conditions. As shown in Fig. 2D, when LINE-OVA cells were
incubated with EG7 in CTM with pH 6, GrB content in the super-
natant signiﬁcantly decreased compared with that in CTM with pH
7. In contrast, the intracellular content of GrB was enhanced after
incubation in CTM with pH 6. Similarly, IFN- content in the super-
natant also decreased in CTM with pH 6 (Fig. 2E). These results
clearly indicated that the release of important effector molecules
for the cytolysis of target cells was inhibited in an acidic environ-
ment. Mendler et al. previously reported that degranulation and
cytokine production were inhibited in an acidic environment using
human alloantigen-speciﬁc CTLs [17], and our results are consistent
with theirs.
3.3. Effects of low extracellular pH on the induction of
antigen-speciﬁc CTLs in vitro
We next examined the effects of culture medium pH on
the induction of functional CD8+ CTLs from primed memory T
cells in vitro. Although OVA-speciﬁc CTLs could be induced from
mice immunized with OVA-peptide-pulsed bone marrow-derived
dendritic cells (DCs), a large number of non-speciﬁc CTLs were
co-induced in this system. Therefore, to examine the effects of
extracellular pH on the induction of antigen-speciﬁc CTLs, we
examined HIV-1 env-speciﬁc CTL induction in our system (Sup-
plementary Fig. S1). The spleen cells of mice immunized with the
HIV-1 env gp120 protein mixed with the AbISCO adjuvant were re-
stimulated with the MMC-treated f15-12 transfectants expressing
-OVA cells and LINE-OVA cells were incubated in normal CTM (pH 7) or acidic CTM
-labeled Annexin V and propidium iodide staining. (B and C) EG7-OVA cells (B) and
 ﬂow cytometry (thin line, isotype control of cells incubated in normal CTM; grey,
ells were incubated with EG7-OVA target cells in CTM with varying pH values for
rB activity was determined as described in the Section 2. (E) LINE-OVA cells were
nts were isolated, and IFN- content was determined by ELISA. The results shown
78 Y. Nakagawa et al. / Immunology Letters 167 (2015) 72–86
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IV-1 env gp160 of the IIIB isolate in CTM at various pH values for
 days. Because the pH of the medium in the culture plates slightly
hifted to a higher pH in the CO2 incubator during the 5-day incu-
ation period, we expressed the medium pH as the start and end
alues in the. Signiﬁcant differences were not observed in the num-
er of viable cells after 5 days of culture in medium with a pH of
pproximately 6 compared with cells in normal CTM with a pH
f 7 (Fig. 3A). However, the percentage of CD8+, V8+, antigen-
peciﬁc CTLs present and the interferon- (IFN-) content in the
ulture supernatant after a 5-day culture in acidic medium both
ecreased (Fig. 3B and C). Moreover, the cytolytic activity of cells
enerated from spleen cells in acidic medium was  also strongly
nhibited (Fig. 3D). To determine whether this decline in CTL induc-
ion was due to the lack of interleukin-2 (IL-2), which is required for
fﬁcient induction, we exogenously added IL-2 to the culture Plates
 day after the addition of stimulator cells. However, as shown in
ig. 3C and D, functional CTLs were not induced in acidic medium
ven in the presence of IL-2. These results indicated that the acidi-
cation of CTM directly inhibited the induction of antigen-speciﬁc
TLs in vitro.
Supplementary material related to this article found, in the
nline version, at http://dx.doi.org/10.1016/j.imlet.2015.07.003
In general, 5–6 days are needed to induce functional antigen-
peciﬁc CTLs from primed spleen cells in vitro. However, as
emonstrated previously, epitope-speciﬁc CTLs were rapidly
nduced within 3–4 days [23] when spleen cells from Tg-RT-1
ice expressing the TCR  genes of CTL clone RT-1 [22] were re-
timulated in vitro. Therefore, to maintain the pH of the medium
uring the induction period and to examine the pH dependence of
TL induction in more detail, we used Tg-RT-1 instead of antigen-
rimed mice. As shown in Fig. 3E, when CFSE-labeled splenic CD8+
 cells from Tg-RT-1 mice were co-cultured with f15-12 cells for
 days in CTM at various pH conditions, cell proliferation was
nhibited in a pH-dependent manner. Similarly, the percentage
f CD8+, V8+, antigen-speciﬁc CTLs after the 4-day incubation
lso decreased in acidic conditions (Fig. 3F). However, the cyto-
oxic activity of the generated cells in the medium with a pH 6.5
as similar to that of cells generated in normal CTM with a pH
 (Fig. 3G). Taken together, these results clearly indicate that the
nduction of antigen-speciﬁc CTLs in vitro was inhibited in the acidic
nvironment.
.4. Return to neutral pH during in vitro re-stimulation of CTLs
ompletely reversed the inhibitory effects induced by a low pH
We  investigated whether the inhibitory effects of extracellular
cidic conditions on CTL induction were reversed by neutralization
f the acidic medium. When we cultured primed spleen cells with
MC-treated f15-12 stimulator cells in acidic medium buffered
ith sodium hydroxide solution for 5 days, the percentage of
D8+, V8+, antigen-speciﬁc CTLs, the cytotoxic activity of the
enerated cells and the IFN- content in the culture supernatant
ig. 3. Effects of medium pH on the induction of antigen-speciﬁc CTLs in vitro from prim
rotein mixed with the AbISCO adjuvant were re-stimulated in vitro with MMC-treated f1
.1–6.7) at 37 ◦C in the presence or absence of exogenous IL-2. After a 5-day culture, cells w
ere  calculated as the ratio of the number of live cells after the 5-day culture under va
H  of 7 in the absence of IL-2. (B) The IFN- content in 5-day culture supernatants was 
MC-treated f15-12 cells in CTM with varying pH values for 5 days at 37 ◦C as in (A). Cells 
ytometry. The cytolytic activity of the generated cells was  determined by a 51Cr-release
yngeneic ﬁbroblast cells (Neo*18IIIB) as target cells. ***p < 0.005 compared with the cyto
rom  Tg-RT-1 mice were labeled with 2.5 M of CFSE and re-stimulated in vitro with MMC
H  values for 4 days at 37 ◦C. The generated cells were then harvested and analyzed by ﬂo
ith  MMC-treated f15-12 cells in 24-well culture plates in normal CTM (pH 7.2–7.0) or a
nd  the percentage of CD8+, TCR-V8+ cells was analyzed by ﬂow cytometry. The cytoly
TM  (pH 7) using f15-12 cells as target cells. **p < 0.01, ***p < 0.005 compared with the cy
epresentative of three independent experiments. Letters 167 (2015) 72–86 79
almost completely recovered (Fig. 4B–D). No signiﬁcant differences
were observed in the number of viable cells after the 5-day culture
among cells cultured in normal CTM (pH 7), acidic CTM (pH 6), and
acidic CTM buffered with sodium hydroxide (pH 7) (Fig. 4A).
3.5. Effects of hypoxia on the cytotoxic activity of LINE-OVA cells
In addition to low pH, the concentration of oxygen is another
important in vivo microenvironmental factor for various tissues
including local sites of inﬂammation and growing tumors. There-
fore, we  examined the effects of hypoxia on the function and
induction of antigen-speciﬁc CTLs using the BIONIX-1 hypoxic cell
culture kit system as described in the Section 2. The concentration
of oxygen in lymphoid tissues, such as the murine spleen and lymph
nodes is between 2 and 5% [1,30]. However, hypoxia inducible
factor-1, the main transcription factor mediating many cellular
adaptive responses to hypoxia, was  mostly found to be activated at
an oxygen concentration of less than 1%. Therefore, we  selected two
oxygen concentration levels, 2–4% and <1%, in the present study.
LINE-OVA cells were incubated with 51Cr-labeled EG7-OVA tar-
get cells at various E/T ratios under an oxygen concentration of
20%, 2–3%, or <1%. As shown in Fig. 5A, no signiﬁcant differences
were observed in cytolytic activity between normoxic (20% O2)
and hypoxic conditions (2–3% O2, <1% O2). Similar results were
also noted in another CTL line, LINE-IIIB (Fig. 5B). The pH of the
medium did not change under normoxic and hypoxic conditions
during the 4-h incubation. By determining the uptake of PI, we
also conﬁrmed that cell viability after the incubation with target
cells under hypoxia was  similar to that under normoxia (data not
shown).
Because we  demonstrated that CTL activity was decreased under
acidic conditions, the additive effects of low pH and hypoxia on
CTL activity were also examined. LINE-OVA cells were incubated
with EG7-OVA in CTM at pH 7 or 6 (LA-CTM) under normoxic or
hypoxic conditions for 4 h. The results revealed a slight synergistic
effect when CTLs were incubated in medium at pH 6 under hypoxic
conditions (2–3% O2), but no statistical difference was observed
(Fig. 5C).
3.6. Effects of hypoxia on the induction of antigen-speciﬁc CTLs
in vitro
We investigated the effects of hypoxia on the induction of func-
tional CD8+ CTLs from antigen-primed memory T cells in vitro.
According to the manufacturer’s instructions, the BIONIX-1 hypoxic
cell culture kit creates a low oxygen concentration and approxi-
mately 5% CO2 within 1 h. However, because the open side of the
pouch containing the culture plates and oxygen absorber is sealed
with a clip in this kit, the concentration of CO2 could not be modu-
lated during the 4–5-day culture period. Therefore, we ﬁrst tested
whether the pH of the medium was changed during the culture
period. As shown in Supplementary Fig. S2, no signiﬁcant difference
ed spleen cells. (A) Spleen cells from mice immunized with the HIV-1 env gp120
5-12 cells in 24-well culture plates in normal CTM (pH 7.1–7.2) or acidic CTM (pH
ere harvested, and viable cells were counted using a hemocytometer. Fold changes
rious conditions to the number of live cells after the 5-day culture in CTM with a
analyzed by ELISA. (C and D) Primed spleen cells were re-stimulated in vitro with
were harvested, and the percentage of CD8+, TCR-V8+ cells was  analyzed by ﬂow
 assay in normal CTM (pH 7) using f15-12 cells or epitope peptide P18IIIB-pulsed
toxicity of generated cells in CTM with pH 7 (open circles). (E) Splenic CD8+ T cells
-treated f15-12 cells in 96-well round-bottomed culture plates in CTM with various
w cytometry. (F and G) Spleen cells from Tg-RT-1 mice were re-stimulated in vitro
cidic CTM (pH 6.5–6.7, 6.1–6.3) for 4 days at 37 ◦C as in (A). Cells were harvested,
tic activity of the generated cells was determined by a 51Cr-release assay in normal
totoxicity of generated cells in CTM with pH 7 (open circles). The results shown are
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Fig. 4. Return to neutral pH of acidic medium during re-stimulation of CTLs in vitro by sodium hydroxide completely reversed the inhibitory effects. (A) Spleen cells from
mice  immunized with the HIV-1 env gp120 protein mixed with the AbISCO adjuvant were re-stimulated in vitro with MMC-treated f15-12 cells in 24-well culture plates in
normal  CTM (pH 7.0–7.1), acidic CTM (pH 6.0–6.5), or acidic CTM buffered with 2 N sodium hydroxide solution (pH 7.0–7.1) at 37 ◦C for 5 days. After the 5-day culture, the
cells  were harvested, and the number of viable cells was  counted using a hemocytometer. Fold changes were calculated as the ratio of the number of live cells after the 5-day
culture under various conditions to the number of live cells after the 5-day culture in CTM with a pH 7. (B) The IFN- content in 5-day culture supernatants was analyzed by
ELISA. *p < 0.05. (C and D) Primed spleen cells were re-stimulated in vitro with MMC-treated f15-12 cells for 5 days at 37 ◦C as in (A). Cells were harvested, and the percentage
of  CD8+, TCR-V8+ cells was  analyzed by ﬂow cytometry. The cytolytic activity of the generated cells was determined by a 51Cr-release assay in normal CTM (pH 7) using
f15-12  cells as target cells. *p < 0.05 compared with the cytotoxicity of generated cells in acidic CTM (pH 6; closed circles). The results shown are representative of three
independent experiments.
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Fig. 5. Effects of hypoxia on the cytotoxic activity of LINE-OVA cells. (A) LINE-OVA cells were incubated with 51Cr-labeled EG7-OVA target cells in normal CTM (pH 7) for
4  h at the indicated effector-target ratios under various oxygen concentrations (open circles, 20% O2; closed circles, 2–3% O2; closed squares, <1% O2) at 37 ◦C for a standard
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t1Cr-release assay. (B) LINE-IIIB cells were incubated with 51Cr-labeled f15-12 target
ncubated with 51Cr-labeled EG7-OVA target cells in normal CTM (pH 7) or acidic C
f  20% or 2–3%, respectively, for a standard 51Cr-release assay. The results shown ar
as observed in the pH of the medium between oxygen concentra-
ions of 20% and 3–4% during the 4-day culture period. Accordingly,
e were able to avoid the effects of pH changes in our experiment.
Supplementary material related to this article found, in the
nline version, at http://dx.doi.org/10.1016/j.imlet.2015.07.003
Spleen cells from mice previously immunized with the HIV-1
nv gp120 protein mixed with the AbISCO adjuvant or infected with
SC25 were re-stimulated in vitro with MMC-treated f15-12 cells
or 5 days at 37 ◦C under normoxic (20%) or hypoxic (3–4% O2 and
1% O2) conditions. As shown in Fig. 6A, the number of viable cells
fter the 5-day culture was slightly higher under hypoxia, especially
n the 3–4% O2 condition, than under normoxia, but the difference
as not statistically signiﬁcant. Cell proliferation; the percentage
f CD8+, V8+, antigen-speciﬁc CTLs; and IFN- content in the cul-
ure supernatant after the 5-day culture were all enhanced undern CTM (pH 7) under various oxygen concentrations as in (A). (C) LINE-OVA cells were
-CTM, pH 6) at the indicated effector-target ratios under an oxygen concentration
esentative of three independent experiments.
an O2 concentration of 3–4% and were slightly increased even
under <1% O2 (Fig. 6B–D). Furthermore, the cytotoxic activity of the
CTLs generated from spleen cells under hypoxia was also markedly
enhanced (Fig. 6E). Similar results were also obtained for spleen
cells from Tg-RT1 mice (Fig. 6D and E). These results indicated
that a low oxygen concentration, which may reﬂect an in vivo local
environment, inﬂuenced the induction of antigen-speciﬁc CTLs.
3.7. Synergistic effects of acidosis and hypoxia on the induction of
antigen-speciﬁc CTLs in vitroHelmlinger et al. found an inverse correlation between local pH
proﬁles and corresponding pO2 proﬁles but a strong correlation
between mean pH and pO2 proﬁles in solid tumors [5]. Moreover,
Rotstein et al. and Simchowitz et al. reported the additive effects of
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Fig. 6. Effects of hypoxia on the induction of antigen-speciﬁc CTLs in vitro from primed spleen cells. (A) Spleen cells from mice previously immunized with 5 g of recombinant
HIV-1  IIIB envelope glycoprotein gp120 mixed with the AbISCO adjuvant or 1 × 107 PFU/mouse of vSC25 were re-stimulated in vitro with MMC-treated f15-12 cells in 24-well
culture plates under various oxygen concentrations (20%, 3–4%, <1%) at 37 ◦C. After a 5-day culture, cells were harvested, and viable cells were counted using a hemocytometer.
Fold  changes were calculated as the ratio of the number of live cells after the 5-day culture under various oxygen concentrations to the number of live cells after the 5-day
culture  in CTM under atmospheric conditions. (B) Splenic CD8+ T cells from mice infected with 1 × 107 PFU/mouse of vSC25 were labeled with 2.5 M of CFSE and re-stimulated
in  vitro with MMC-treated f15-12 cells in 96-well round-bottomed culture plates in CTM under various oxygen concentrations (20%, 3–4%, <1%) at 37 ◦C. After a 5-day culture,
the  generated cells were harvested and analyzed by ﬂow cytometry. (C) Primed spleen cells were re-stimulated in vitro with MMC-treated f15-12 cells for 5 days at 37 ◦C as in
(A).  The IFN- content in the 5-day culture supernatant was  analyzed by ELISA. *p < 0.05. (D and E) Primed spleen cells or spleen cells from Tg-RT-1 mice were re-stimulated
in  vitro with MMC-treated f15-12 cells for 4-5 days at 37 ◦C as in (A). Cells were harvested, and the percentage of CD8+, TCR-V8+ cells was  analyzed by ﬂow cytometry.
The  cytolytic activity of the generated cells was  determined by 51Cr-release assay under 20% O2 using f15-12 cells or control ﬁbroblast cells (Neo) as target cells. *p < 0.05,
**p  < 0.01, ***p < 0.005 compared with the cytotoxicity of generated cells at 20% O2 (closed circles). The results shown are representative of three independent experiments.
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Fig. 7. Synergistic effects of low pH and hypoxia on the induction of antigen-speciﬁc CTLs in vitro. (A) Spleen cells from Tg-RT-1 mice were re-stimulated in vitro with
MMC-treated f15-12 cells in 24-well culture plates in normal CTM (pH 7.1–7.3) or acidic CTM (pH 6.1–6.7) under an oxygen concentration of 20% or 3–4% at 37 ◦C. After a
4-day  culture, cells were harvested, and viable cells were counted using a hemocytometer. Fold changes were calculated as the ratio of the number of live cells after the
4-day  culture under various oxygen concentrations to the number of live cells after the 4-day culture in CTM under atmospheric conditions. (B) Splenic CD8+ T cells from
Tg-RT-1 mice were labeled with 2.5 M of CFSE and re-stimulated in vitro with MMC-treated f15-12 cells in 96-well round-bottomed culture plates at 37 ◦C as in (A). After
a  4-day culture, the generated cells were harvested and analyzed by ﬂow cytometry. (C) The IFN- content in 4-day culture supernatants was analyzed by ELISA. *p < 0.05,
**p  < 0.01. (D and E) Spleen cells from Tg-RT-1 mice were re-stimulated in vitro with MMC-treated f15-12 cells for 4 days at 37 ◦C as in (A). Cells were harvested, and the
percentage of CD8+, TCR-V8+ cells was analyzed by ﬂow cytometry. The cytolytic activity of the generated cells was determined by 51Cr-release assay under 20% O2 using
f15-12  cells as target cells. ***p < 0.005 compared with the cytotoxicity of generated cells in CTM (pH 7) at 20% O2 (closed circles). The results shown are representative of
three  independent experiments.
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Fig. 8. (A) f15-12 cells were incubated in normal CTM (pH 7) under an oxygen con-
centration of 20% or 3–4% overnight at 37 ◦C. After incubation, cells were harvested
and  analyzed by ﬂow cytometry (thin line, isotype control of cells incubated under
20% O2; grey, cells incubated under 20% O2; thick line, cells incubated under 3–4%
O2). (B) Spleen cells from Tg-RT-1 mice were re-stimulated in vitro with MMC-
treated f15-12 cells in 24-well culture plates under various oxygen concentrations
(20%, 3–4%, <1%) at 37 ◦C. After a 4-day culture, cells were harvested, and puri-4 Y. Nakagawa et al. / Immu
ypoxia combined with a lower pH on the inhibition of neutrophil
hemotaxis [31,32]. Therefore, we examined the synergistic effects
f both low pH and hypoxia on the induction of antigen-speciﬁc
TLs in vitro. To minimize changes in medium pH during the induc-
ion period, we used the spleen cells of Tg-RT-1 mice in a manner
imilar to Fig. 3. Spleen cells were re-stimulated in vitro with MMC-
reated f15-12 cells in CTM (pH 7) or LA-CTM (pH 6) for 4 days under
ormoxic or hypoxic (3–4% O2) conditions. As shown in Fig. 7A,
lthough the number of viable cells after the 4-day culture was
lightly changed under low pH and hypoxic conditions, there was
o signiﬁcant difference. Cell proliferation was enhanced under
–4% O2 in CTM in a manner similar to that of spleen cells from
ntigen-primed mice; however, this enhancement was abolished
n acidic medium even under hypoxic conditions (Fig. 7B). The per-
entage of CD8+, V8+, antigen-speciﬁc CTLs; the cytolytic activity
f the generated cells; and IFN- content in the culture super-
atant were all strongly enhanced under hypoxic conditions, but
hese changes were abrogated by an acidic environment (Fig. 7C–E).
hese results indicate that the induction of antigen-speciﬁc CTLs
ight be more susceptible to low pH rather than to oxygen con-
entration in vivo.
.8. The mechanism by which low oxygen concentration
nhanced the induction of antigen-speciﬁc CTLs.
To analyze the mechanism by which low oxygen concentra-
ion enhanced the induction of antigen-speciﬁc CTLs, we  analyzed
he expression of the cell surface H-2Dd class I MHC  molecule on
15-12 stimulator cells after overnight incubation under varying
xygen concentrations. However, as shown in Fig. 8A, no signiﬁcant
ifference was detected between the 20% and 3–4% oxygen concen-
rations. Co-stimulatory molecules such as CD80 and CD86 were
ot detected on f15-12 cells under normoxic or hypoxic conditions
data not shown).
One of the important mechanisms responsible for the adapta-
ion of cells to low oxygen tension is mediated by the transcription
actor HIF-1,  which is essential for switching to glycolysis and
romoting angiogenesis [33,34]. Therefore, we examined HIF-1
xpression in CTLs induced under various oxygen concentra-
ions. Several HIF-1(+) cells were detected among the cells
nduced under 3–4% oxygen, and the number of positive cells
as increased when induced under a 1% concentration (Fig. 8B).
owever, because the activation of primed spleen cells in vitro
as markedly enhanced under 3–4% oxygen, no direct correla-
ion was observed between the enhanced induction of functional
TLs and HIF-1 expression levels. Therefore, this enhancement
ight not occur through a HIF-1-mediated signaling path-
ay.
. Discussion
In the present study, we examined the function and induc-
ion of antigen-speciﬁc CTLs under patho-physiological conditions
ith either low pH or hypoxia, which differ from in vitro
xperimental conditions. Previous studies using established CTL
ines demonstrated that the cytotoxic activity of CTLs against
arget cells was  inhibited in an acidic environment [16,17].
imilar results were obtained in our antigen-speciﬁc CTL lines.
e also showed here that the induction of functional CTLs
rom memory T cells was strongly inhibited in acidic medium
sing murine antigen-primed spleen cells. Although Fischer et al.
reviously reported that the proliferation of and cytokine pro-
uction by CTLs stimulated with PHA/ionomycin were both
nhibited in an acidic medium [12], these authors used a pre-
iously established human CTL line; therefore, we originallyﬁed  CD8+ T cells were analyzed by immunohistological staining using anti-HIF-1
antibody. HIF-1 (+) cells were not detected in the anti- HIF-1 antibody (−) or
secondary antibody-alone control samples. (Magniﬁcation, 200×).
speculated that our results may  differ from their ﬁndings.
However, the results shown in the present study clearly demon-
strated that both mature and newly induced CTLs were affected
by physico-chemical environmental conditions such as low
pH.
We also examined the function and induction of CTLs under
low oxygen conditions using the BIONIX-1 hypoxic cell culture
kit. Experiments performed under hypoxic conditions are gener-
ally conducted in a special workstation using a ﬁxed percentage
of oxygen, with 5% CO2 containing mixed gases. However, in
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ur cell culture kit, the oxygen concentration could not be regu-
ated during the 4–5-day culture period because the open side of
he pouch containing the culture plates and the oxygen absorber
as sealed with clips. Therefore, although the oxygen concen-
ration changed (by approximately 0.5%) between the start and
nd times, pH changes were not detected in the medium dur-
ng the culture period, as shown in Supplementary Fig. S2. Thus,
oth cytolytic activity of the established CTLs and induction of
TLs from memory cells could be determined under hypoxic con-
itions.
Unexpectedly, although their cytolytic activity against target
ells in a 51Cr-release assay was almost unchanged, the induction of
aturated functional CTLs in vitro was somewhat enhanced under
 low oxygen concentration. Recent in vitro studies demonstrated
hat T cell proliferation was signiﬁcantly lower when primed cells
ere stimulated under lower oxygen concentrations than under
oom air oxygen conditions [35–37]. In contrast, using a murine
ixed lymphocyte reaction experiment, Caldwell and colleagues
ound that although CTL development was delayed, the cytolytic
ctivity of the cells generated was markedly stronger at 2.5% oxygen
ension [18]. The reason for the discrepancy between our results
nd theirs remains unknown. However, because most studies
ave used human peripheral blood mononuclear cells (PBMCs) or
nprimed murine lymphocytes as effector cells and a non-speciﬁc
timulus such as Concanavalin-A, anti-CD3 plus anti-CD28, or high-
ose IL-2, these experiments clearly differ from our antigen-primed
 cell-induction system. In this study, we also showed that the
nhancement of the induction of CTLs in vitro by hypoxia was
ompletely abrogated when CTLs were induced under hypoxic con-
itions with low pH (Fig. 7). Therefore, antigen-speciﬁc primed-CTL
unctions may  be more vulnerable to low pH than oxygen concen-
ration in vivo.
Adoptive immunotherapy using ex vivo-activated CTLs has been
sed for various tumors, and the appearance of functional CD8+
ffector T cells in vivo is considered for critical treatment [38–40].
owever, based on the above ﬁndings, it is important to activate
TLs in vivo at local sites using various means to maintain their
bility to eliminate target cells.
One of the important mechanisms responsible for the adap-
ation of cells to low oxygen concentrations is mediated by the
ranscription factor hypoxia inducible factor-1 (HIF-1), which
s essential for cells to switch to glycolysis and for promoting
ngiogenesis [33,34]. Therefore, we examined HIF-1  expression
n CTLs induced under various oxygen concentrations. However,
s shown in Fig. 8B, no direct correlation was observed between
nhanced induction of functional CTLs and HIF-1 expression.
ecently, it has been shown that there are several HIF-independent
ypoxic signaling pathways, such as the mammalian target of
apamycin (mTOR) pathway [41] and the Akt/PI3K pathway [42].
herefore, CTL activation by hypoxia as shown here might be medi-
ted through these HIF-independent signaling pathways. However,
he true mechanism underlying this enhancement in CTL induction
emains to be elucidated.
In conclusion, we studied the effects of low pH and hypoxia
n the function and induction of antigen-speciﬁc CTLs. The results
btained in the present study indicated that the cytotoxic activity
f CTLs against targets and the induction of functional CTLs in vitro
ere both inhibited in low pH medium. In contrast, in hypoxic
onditions, although cytotoxic activity was mostly unchanged, the
nduction of CTLs was enhanced in vitro and completely abro-
ated in low pH conditions. An analysis of the precise mechanisms
esponsible for functional alterations in CTLs in vivo and the
evelopment of procedures to recover their impaired activity will
rovide a new strategy for controlling tumor growth by maintain-
ng a CTL-based immune-surveillance system.
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